Abstract: Silicon and germanium pillar structures (i.e., micro-and nanowires) were fabricated by a top-down approach including nanoimprint lithography and cryogenic dry etching. Various etching parameters were tested to ensure a reliable fabrication process. The impression of nanomechanical properties of such 3-D structures were extracted experimentally by nanoindentation showing promising and comparative results to utilize such nanostructures as small force artefacts.
Introduction
Since the instrumented indentation technique has been introduced to determine hardness and elastic modulus of materials, this approach has been continuously becoming a leading standard in material science and engineering. Both scientific communities and industries have brought this method into a rapid development of commercial instrumentations and prototypes. Furthermore, advancement in measurement technique such as continuous stiffness measurement (CSM) in combination with precise displacement or force control provides more flexibility in terms of reliability on unloading curves [1] . Nevertheless, the most challenging task of such advanced technological improvements is to ensure traceability and reproducibility of the force measurements [2] . Refinements, testing, and applications on dissimilar materials with the aim of broader force range allow not only depth sensing measurements on very small and 2-D thin films structures [3] , but also determination of 1-D nanostructure characteristics [4] . In this case, better understanding of anisotropic mechanical properties (e.g., the unloading curves) of various materials [5] and identification of nanoscale stress-strain characteristics [6] are important to ensure reliable integration of nanostructures within micro-/nanoelectromechanical systems (M/NEMS).
Fabrication of Vertical Nanowires
The fabrication steps of silicon micro-and nanostructures are shown in Figure 1 . In this contribution, we utilized nanoimprint lithography (NIL) in order to avoid limitations showed by other etch mask preparation techniques, e.g., photolithography and colloidal lithography [7] . Initially, a 2-inch (100)-silicon wafer (SIEGERT Wafer GmbH, Aachen, Germany) was diced into smaller pieces of 15 mm × 15 mm substrate. Following this step, the substrate was dipped in buffered hydrofluoric acid and O2 plasma treatment was applied to remove the native oxide layer and residual surface contaminations, respectively. Afterwards, imprint resist (UVCur06, micro resist technology GmbH, Germany) was spin coated on the substrate and prebaked to remove excess solvent ( Figure 1a) . A soft PDMS stamp was created by replicating the Si master mold containing pillar structures. As a result, the PDMS stamp consists of hole structures, which were filled by the resist during the subsequent imprint step ( Figure 1b) . As soon as the pressure was evenly distributed and the stamp was self levelled, the resist was illuminated by UV-light ( Figure 1c ). After stamp detachment (Figure 1d ), the desired patterns were transferred onto the resist, the residual resist layer was removed ( Figure 1e ) and the substrate was dry-etched at cryogenic temperature resulting in silicon 3-D structures ( Figure 1f ).
Full control of nanostructures fabrication was obtained by applying a sweep of etch parameters. We investigated several parameters (i.e., O2 percentage, temperature, and chamber pressure) during the inductively coupled plasma (ICP) reactive ion etching (RIE) at cryogenic temperature (Sentech Instrument GmbH, Berlin, Germany). We performed the experiments with the following initial recipe: an ICP Power of 150 W, a HF power of 10 W, SF6 and O2 flow rates of 60 and 6 sccm, respectively, and a pressure of 1 Pa. Etch processes were carried out, with only one parameter being modified throughout each experiment while the others were kept constant. As shown in Figure 2a -c, the change of O2 content within process gases has a significant impact on structure morphology. By using a lower flow rate of O2 (i.e., 3% of the total process gases) (Figure 2a) , an isotropic etch profile with relatively low etch rate (i.e., 54 nm/min) was realized. Increasing the O2 flow to 9%, a deeper etch profile with improved anisotropy was realized owing to a better sidewall passivation and a higher etch rate of 132 nm/min was obtained (Figure 2b ). Further increase of O2 content (i.e., 14%) leading to a thicker passivation layer [8] caused a reduction of the etch rate to 68 nm/min (Figure 2c ). Utilizing the optimized O2 flow (i.e., 9%), we modified the process temperature ranging from −85 °C to −120 °C. Silicon cryogenic dry etching is known to be very sensitive to process temperature. At a temperature of −85 °C, an etching depth of around 2.4 μm was attained, while utilization of lower temperatures (i.e., −105 °C and −120 °C) caused not only crystal-plane-dependent etching, but also a reduction of the etch rate (Figure 2d-f) . One can control the etch depth by controlling the chamber pressure, since at higher chamber pressure the kinetic energy of the ion flux is reduced [9] . As a result, a gradual reduction of etch rate (i.e., 188 nm/min, 132 nm/min, and 68 nm/min) was apparent at increasing chamber pressure (i.e., 0.1, 1.0, and 2.0 Pa) (Figure 2g-i) . In contrast, Germanium wafer was etched by using only lower SF6 flux (i.e., 10 sccm) combined with moderate plasma density of 100 W at room temperature. In this case, an etch rate of ~200 nm/min was obtained. 
Nanomechanical Characterization
In this experiment, a Hysitron TI 950 TriboIndenter (Figure 3a ) was used to perform nanoindentation tests on 3-D silicon structures and bulk silicon as a reference. This equipment has a maximum load force of 10 mN with a resolution of less than 30 nN, and a maximum indentation depth of 5 μm. Two approaches of load functions are available, i.e., the force-and the depthcontrolled mechanisms. Following the theoretical explanation by Oliver and Pharr [10] , the load function can be divided into three main parts, i.e., loading, holding, and unloading (Figure 3b) .
The sample was mounted on the sample holder and indented by a Berkovich tip [11] , where the indentation depth was measured by a capacitive sensor. The samples were indented by the tip in three steps, i.e., loading for 5 s, holding for 2 s, and unloading for 5 s. Each silicon pillar structure was indented in a scan size of 2 μm and each silicon bulk is indented in a scan area of 20 μm × 20 μm. 
Results and Discussion
Based on the measurement procedure described above, indentation tests were performed both on bulk and 3-D structures of (100) and (111) silicon. Initially, the mechanical properties of bulk silicon (111) were determined by using the depth-controlled mode by applying different indentation depth from 40 to 130 nm. The stiffness values were differed depends on the indentation depth (e.g., material stiffnesses of around 106.13 μN/nm and 97.01 μN/nm were obtained for (111) and (100) silicon from indentation depth of 110 nm. With the same value of the indentation depth, we extracted more information related to anisotropic stress-strain behavior on 3-D materials by performing nanoindentation on silicon wires (i.e., (100) and (111) silicon) with a lateral size of ≥1000 nm and an aspect ratio of ~2 (Figure 4a,b) . As a result, the extracted stiffness value of the (111) 3-D silicon structures (i.e., 58.64 ± 2.21 μN/nm) is more than two times lower than the value of the bulk material. The (111) silicon wires show a more rigid behavior than the (100) silicon wires with a stiffness of 32.84 ± 0.82 μN. Such differences between bulk and 3-D materials, as well as between 3-D materials of different orientations provide an open possibility for using 3-D silicon structures as test samples for nanoindentation calibration. Further comparison of nanoindentation tests with another elemental semiconductor (i.e., Germanium) will be performed. 
